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ARTICLE INFO ABSTRACT

Ca0-B,03-S10, (CBS) glass-ceramics is one of the most widely used commercial low-temperature co-fired

Keywords:

Glass-ceramics ceramic (LTCC) substrate materials due to its excellent dielectric and mechanical properties. However, medium-

Ca0-B;05-510, high boron CBS glass suffers from challenge such as difficulty in melting, volatility and phase separation, leading

g—anSIO; to its inability to balance the competition between sintering and crystallization. The introduction of ZnO to
replace part of the B,03 may be able to solve the above problems effectively. Specifically, the networks modifier

ZnO can be used to reduce sintering temperatures by decreasing network aggregation in the glass. Our study
found that the higher the content of ZnO, the more non-bridging oxygen in the glass network, the lower the
temperature at which glass-ceramics can be sintered densified. With 4 mol % ZnO, the glass-ceramics can be
densified at 850 °C with a dielectric constant of 5.29 and a dielectric loss of 3.12 x 10~ at 1 MHz and a bending
strength of 174 MPa. This work presents a novel idea for the design of advanced glass-ceramics.

1. Introduction

The rapid evolution of microwave communication technology de-
mands substrates with lower dielectric constants and minimized
dielectric loss to decrease coupling losses [1], boost signal transmission
rates, and enhance frequency selectivity [2]. Commonly used substrates
include ceramics [3-6], glass ceramic composite systems [7-9], and
glass-ceramics systems [10-12]. Glass-ceramics are considered as po-
tential LTCC materials because of their ability to be sintered at lower
temperatures and their excellent dielectric and mechanical properties
[13-14]. Due to the low dielectric constant of 5 and the low loss of about
2.0 x 10~ of CaSiO3 [15], Ca0-B,03-5i0, (CBS) glass-ceramics with
wollastonite as the main crystalline phase have been widely studied
[16-17] and have been applied in Ferro A6M [18]. Contemporary
studies on CBS systems often highlight a higher boron content [19-21],
allowing the glass to enhance sinterability at reduced temperatures.
Nonetheless, heightened boron levels lead to mismatches between [BO3]
and [SiO4] units, exacerbating phase separation and component
enrichment [22], which manifest as stable, immiscible opacities [23].
These difficulties emphasize the advantages of low-boron CBS
glass-ceramics. However, it is a challenge to balance sintering and
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crystallization and make it able to be sintered densified at a low tem-
perature (<870 °C) [22-24].

External ions such as alkali and alkaline earth metals are commonly
used as sintering aids to cope with these challenges [25-26]. In this way,
network connectivity is reduced and short-range structural interactions
within the glass are altered to achieve good densification. While addi-
tives like K20 have traditionally been used to induce more liquid phase
during sintering, their polarization effects inadvertently raise the
dielectric constant [27]. Similarly, Li,O and Na,O can disrupt network
connectivity but at the cost of structural defects and increased ionic
conductivity, degrading overall dielectric properties [28]. Additionally,
MgO increases the non-bridging oxygen content but its high field
strength excessively stabilizes the glass network, dampening its fluxing
effectiveness [29]. Some studies have shown that doping ZnO as a flux
can effectively balance sintering and crystallization [30].

We have achieved enhancement of sintering ability by reducing the
degree of glass network polymerization. The presence of ZnO disrupts
[BO4] and [SiO4] units, leading to the formation of a large number of
non-bridging oxygen atoms, which results in a decrease in the glass
transition temperature and crystallization temperature, and makes the
liquid phase occur at a lower temperature. The appropriate ZnO content
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not only refines the sintering performance of the glass-ceramics but also
improves their mechanical strength. Moreover, its role as a network
modifier breaks the Si-O-Si bond, which facilitates the precipitation of
a-Si03 (er — 4) [31] and maintains a low dielectric constant. Our work
provides a new strategy for enhancing sintering performance while
maintaining dielectric properties of glass-ceramics.

2. Materials and methods
2.1. Preparation of ZCBS glass-ceramics

The CBS glass was fabricated by melt quenching method using
CaCOg3, H3BO3, SiO; and ZnO reagents as raw materials. In this experi-
ment, a low boron system with CaO/Si0; ratio of 0.8 and 5 mol % B;03
was used, and different amounts of ZnO (0-6 mol %) were added to the
parent glass. The samples of glass-ceramics were labeled Z0, Z2, Z4, and
26, respectively. The stoichiometric moles of glass formulations are
shown in Table 1. The corresponding raw materials were accurately
weighed according to the composition, mixed with 5 wt % deionized
water and polytetrafluoroethylene, and pressed into round cakes with a
diameter of 3 cm. The platinum crucible was heated in a high-
temperature lifting furnace, fed at 1400 °C, and kept at 1500 °C for 3
h to fully melt. The molten glass was then poured into deionized water to
quench and prevent crystallization. After water quenching, the glass was
dried, ground with an agate mortar, and passed through a 40-mesh
screen. After two-step ball milling, fine glass powder was obtained,
and DTA and infrared tests were carried out. The rest of the glass powder
was mixed with a PVA binder in proportion, placed into a mold, pressed
and formed at 20 MPa, and sintered to obtain glass-ceramics. The spe-
cific heat treatment process is shown in Fig. S1. The density, crystal
phase composition, thermal expansion and dielectric properties of the
glass-ceramics were then tested.

2.2. Characterization

The actual post-melting glass composition was characterized by
inductively coupled plasma (ICP, PerkinElmer ICP 2100) analysis.
Infrared spectral images of sintered samples were obtained using a
Fourier transform infrared spectrometer (FTIR, IR Affinity-1, Shimadzu,
Japan) with a scanning range of 400-1800 cm. Boron coordination
environments were characterized by !'B solid-state nuclear magnetic
resonance (NMR). Experiments were carried out on a Bruker Avance III
HD 500 M spectrometer (11.7 T). The resonance frequency for 11p s
160.46 MHz. All the spectra were recorded using a 4-mm Bruker magic
angle spinning (MAS) probe. }'B MAS spectra were obtained at a spin-
ning speed of 10 kHz. The pulse length is 0.81 ps (15° liquid angle) with
a recycle delay of 64 s. Chemical shifts were referenced to 1 M H3BO3
(=19.4 ppm). The binding energies of Zn and O in the samples were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha). Crystallization kinetics were analyzed using a differential
thermal analyzer (DTA, HCT-3, Beijing Hengjiu). Approximately 19 mg
of the sample was examined from room temperature to 1000 °C in an air
atmosphere, with Al,O3 as the reference sample. Heating rates of 10 °C/
min were employed. XRD pattens were obtained by scanning at 10-80 °
using an X-ray diffractometer (18 KW, D\max 2550 VB, PC, Rigaku,
Japan), and Jade was used to analyze the information on the phases and
volume fraction of phases in the XRD pattens, and was used to analyze

Table 1
ZCBS glass formulation and state of the glass after water quenching.
Sample Ca0 B0, Si0, yAlo] Condition of glass
20 43.14 5.07 51.78 0.00 Transparent
y~3 42.28 4.97 50.75 2.00 Transparent
24 40.59 4.87 49.73 4.00 Transparent
26 38.15 4.77 48.74 6.00 Transparent
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the relative content of each phase in the XRD pattens. Sintering images
and shrinkage were tested on samples with a diameter of about 4 mm
using an image sintering point tester (SSY-1700, Xiangtan Instrument
Co., Ltd.). Apparent porosity (5), water absorption (), and bulk density
(p) of the samples were determined using the boiling method specified in
the national standard GB/T 3810.1-2006. The calculation formulas are
given in Eqgs. (1-3):
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where M; is the mass of the dried sample in air, M is the mass of the
saturated sample in water, Mg is the mass of the saturated sample in air,
and Dj is the density of the liquid at the experimental temperature. In
this study, the density of water is considered to be 0.998 g/cm?, Field
emission scanning electron microscopy (SEM, Hitachi High-
Technologies, Japan) was used to analyze the crystalline morphology
of the samples with the growth process of precipitated crystals. Dielec-
tric constant and dielectric loss of the disc sintered samples were tested
at 1 MHz frequency using a broadband dielectric impedance spectrom-
eter (Concept 40, NOVOCONTROL, Germany). Three-point flexural
strength experiments were performed on strip sintered samples using a
universal testing machine (30 kN 0.005-500 mm/min/3367, Instron,
USA) according to the international standard GB/T 38,978-2020. The
thermal expansion curve was tested at a heating rate of 5 K/min using a
dilatometer (DIL-III, China). The formula for calculating the coefficient
of thermal expansion is shown in Eq. (4):

AL

S AT x Lo Q)

a

where a is the coefficient of thermal expansion, the unit is K'!; AL is the
length change of the sample during the test, in mm; AT is the tempera-
ture change, expressed in K; Ly is the initial length of the sample,
expressed in mm.

3. Result and discussion
3.1. Effect of ZnO content on the structure of CBS glass

To verify compositional consistency between designed and as-melted
glasses, inductively coupled plasma (ICP) analysis was performed fol-
lowed by oxide content normalization. Weight percentages of constitu-
ent oxides in nominal and actual compositions are detailed in Tables S1
and S2, respectively. The results demonstrate effective ZnO incorpora-
tion into the glass network, while reduced Bz0> content minimized
volatilization losses. The marginal CaO deficit likely resulted from
powder entrainment during CO: liberation in carbonate decomposition.
Overall, no significant deviation exists between designed and actual
compositions. To confirm the amorphous nature of the water-quenched
samples, X-ray diffraction (XRD) analysis was performed on crushed
powders, as shown in Fig. S2. The XRD patterns reveal broad diffuse
halos, characteristic of amorphous materials, for all four compositions.
This absence of sharp crystalline diffraction peaks confirms that the
water-quenched samples retained their amorphous state. In order to
study the effect of ZnO content on the structure of CBS glass, Fig. 1(a)
shows the FT-IR spectra of ZCBS glass in the range of 400-1600 cm,
illustrating that the doping of ZnO has a significant effect on the CBS
glass, as can be seen from the change in peak strength. Peaks around
1451 cm™, 1044 em™, 907 em™, 731 em’?, 517 cm™, and 455 cm? are
observed. The absorption peak at 455 cm’ corresponds to the
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Fig. 1. Structural properties of the ZCBS glass. (a) The FT-IR spectra of ZCBS glass; (b) The 11B solid-state NMR spectrum of ZCBS glass; (c) The Zn 2p,/3 XPS spectra
of ZCBS glass; (d) The de-coiling integral peak of O 1 s XPS for 20,22,24,26; (c) The relative content of BO—NBO calculated according to the fitting peak.

antisymmetric deformation vibration of [SiO4]. The absorption peak at
517 cm’? can be attributed to the vibration of metal cations Ca®* and
Zn?* [32] and the deformation mode of the Si-O single bond in the
network [33]. The absorption peak at the 731 cm' position is generally
attributed to the B-O-B connection between two [BO3] units [34]. The
absorption peak at 907 em™! is classified as Si-NBO in [SiO4] [35]. The
absorption peak at 1044 cm™ corresponds to B-O in [BO4] [33]. The
absorption peak at 1451 cm™ is attributed to the asymmetric tensile
vibration of the [BO3] unit. As can be seen from Fig. 1(a), with the in-
crease of ZnO introduced, the peaks of 1044 cm™ corresponding to the
[BO4] unit weaken and the peaks at 731 cm™ and 1451 cm™ corre-
sponding to [BO3] are enhanced, which means that [BO4] is transformed
into [BO3] in the glass network structure. The 907 cm™ peak corre-
sponding to Si-NBO is enhanced, indicating that the amount of
non-bridging oxygen in the glass network increases, which is proof that
Zn?* plays a role in breaking the network in the CBS glass and means
that the stability of the glass network structure is weakened. The dis-
tribution of FT-IR spectral bands is shown in Table 2. To more clearly
and intuitively characterize the boron coordination environment in the
glass, we performed !B solid-state nuclear magnetic resonance (NMR)
spectroscopy, with the results presented in Fig. 1(b). Analysis of the
spectra reveals that as the ZnO doping level increases, the [BO4]/[BO3]
ratio gradually decreases, indicating a conversion of [BO4] to [BOj3]
units. This finding is in agreement with the FTIR results. Zn®* ion, as a
network intermediate, can form [ZnO4] units to promote the formation
of the glass network, and can also play a role in compensating charge
outside the network structure [36-37]. In order to study the role of Zn®*

Table 2
Allocation of FT-IR spectral bands.
Wavenumber/cm™ Main vibration types
455 the antisymmetric deformation vibration of [Si04]
517 §i-0-Si and the vibration of Ca®' and Zn**
731 B-O-B between two [BO3] units
907 Si-NBO in [SiO4)
1044 B-O in [BO,)
1451 the asymmetric tensile vibration of [BO3)

in the glass network structure, Fig. 1(c) shows the Zn 2p3,3 XPS spectrum
of ZCBS glass. The increase in peak intensity and peak area proves the
increase in the amount of Zn?*, The results show that the peak of Zn?* is
basically unchanged and concentrated in 1022 (eV), which is consistent
with the situation reported in the paper [38] indicating that Zn2t mainly
exists as a network modifier, and the role as a network modifier of Zn?*
in the experiment did not change within the doping amount range of 0-6
mol %. In order to analyze the effect of ZnO doping amount on the
amount of bridging oxygen (BO) and non-bridging oxygen (NBO) in the
glass network structure, the de-coiling integral peak of O 1 s XPS for
each glass structure is shown in Fig. 1(c). As can be seen from Fig. 1(d),
with the increase of ZnO, the peak strength and peak area representing
BO in the glass structure decrease, while the peak strength and peak area
representing NBO in the glass structure increase, which indicates that
the amount of NBO in the glass structure increases at the expense of the
decrease of the amount of BO. In order to more intuitively see the
relative content changes of BO and NBO in the glass network structure,
the fitted peak area was calculated to quantitatively analyze the ratio of
bridging oxygen to non-bridging oxygen in the glass network. The re-
sults are shown in Fig. 1(e). When ZnO is not doped, the relative content
of BO in the CBS glass network is 93.08 %. When ZnO is added with 2
mol %, the relative content of BO rapidly decreases to 77.15 %, and then
continuously decreases to 72.53 % when ZnO is added with 6 mol %,
while the relative content of NBO increases from 6.92 % of Z0 to 27.47 %
of 26, which proves the obvious disconnection effect of Zn?*. At the
same time, it means that the peak value of BO moves to the direction of
lower energy, corresponding to the broken bond of Si-O-Si in FT-IR and
the BO of high binding energy decreases.

3.2. Effect of ZnO content on sintering and crystallization of ZCBS glass-
ceramics

Since the particle size of the glass powder is closely related to its
sintering performance, it's necessary to determine the particle size dis-
tribution of each glass powder composition. Fig. S3 shows that the
median particle size(Dsp) of the glass powders is approximately 1.5 pm.
To evaluate the effect of ZnO introduction on the thermal properties of
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the glass, Fig. 2(a) compares the DTA curves of ZCBS glass with different
doping amounts of ZnO. The heat absorption peak observed in the
figure, that is, the temperature corresponding to the intersection point of
the downward step tangent, is the glass transition temperature (Ty); the
heat release peak observed corresponds to the process of crystallization
behavior of glass-ceramics during heating; the temperature corre-
sponding to the highest peak is the crystallization peak temperature (Tp);
the initial temperature of the crystallization peak corresponds to the
initial temperature of crystallization (Ty). The DTA results show that the
addition of 4 mol % ZnO reduces T, from 685 °C to 677 °C, Ty from 817
°C to 801 °C, T, from 843 °C to 826 °C, and the characteristic temper-
ature decreases continuously with the further increase of ZnO. At the
same time, the simultaneous decrease in crystallization peak height
accompanied by peak broadening suggests potential precipitation of a
secondary crystalline phase within the system. This trend aligns with
DTA observations reported by Jia [16] for CBS glass-ceramics, where
closely spaced crystallization exotherms arising from dual phases
resulted in significantly diminished peak intensities. The difference be-
tween Ty and Ty (AT = T, — Tg) is used to characterize the thermal
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stability of glass [39], the larger the AT, the better the thermal stability
of the glass. After calculating the difference, it is found that the addition
of ZnO makes the AT of CBS glass tend to decrease, and the thermal
stability of the glass decreases. In combination with the result of FT-IR, it
is mainly due to the conversion of frame [BO4] to layer [BO3] and the
addition of Zn?* breaking the Si-O-Si bond between [SiO4] cells,
resulting in the loose structure of the glass network. The specific

Table 3
Characteristic temperature value of ZCBS glass.

Sample  Glass transition Initation AT Peak temperature
temperature temperature of Ty of crystallization
(O crystallization T(°C) T,(°C)
T(*C)
20 685 817 132 843
22 684 808 124 830
24 677 801 124 826
26 669 786 117 806
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Fig. 2. Crystallization and sintering properties of the ZCBS glass-ceramics. (a) The DTA curves of ZCBS glass; (b) The XRD patterns of Z0-26 sintered at 850 °C; (c)
The proportion of each crystal phase analyzed by semi-quantitative analysis with XRD; (d) The grain size obtained by XRD refinement; (e) Water absorption and
porosity of Z2, Z4 and Z6 sintered at 810 °C, 830 °C and 850 °C, respectively; (f) The bulk density of Z2, Z4 and Z6 sintered at 810 °C, 830 °C and 850 °C,

respectively.
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characteristic temperature values are summarized in Table 3. DTA
shows that the Increase of ZnO content can affect the crystallization
behavior of the CBS glass-ceramics, then XRD is used to investigate the
change of crystallization. The glass powder was held at 850 °C for 20
min and sintered, XRD test was conducted, and subsequent
semi-quantitative analysis was conducted with 10 wt % a-Al;0; as the
internal standard, as shown in Fig. 2(b)-(d). Fig. 2(b) XRD qualitative
analysis shows that only p-CaSiO3 (PDF ID:04-010-2581) was precipi-
tated by Z0, while the precipitation of a-SiO; (PDF ID:03-065-0466) can
be observed in samples with ZnO at 26 = 26°. This change may be due to
the breaking of the Si-O-Si bond between [S104] units by Zn?*, making
[Si04] shift from a state of high polymerization to a state of low poly-
merization, which is beneficial to the precipitation of a-SiO2. ZnO was
doped in the parent glass, but no crystal phase related to Zn was
precipitated, indicating that Zn elements were all distributed in the glass
phase and did not participate in crystallization. In order to show the
degree of crystallization weakening more directly, Rietveld refinement
was used to conduct semi-quantitative XRD analysis, and the fitting
result R/E < 1.5, the proportion of each crystal and the fitting grain size
are shown in Fig. 2(c)(d). Fig. 2(c) shows the content of each crystal
phase in the sample. It is found that with the increase of ZnO content, the
proportion of a-Al;03 in the crystal increases, corresponding to the
decrease of the content of other crystal phases in the sample, indicating
that the overall crystallization degree is weakened. After conversion, the
content of each part of the crystal phase in the glass-ceramics is shown in
Table 4. After calculation, it is found that when the ZnO introduced
amount increases from 2 mol % to 6 mol %, the p-CaSiOj crystal pre-
cipitation decreases from 70.42 wt % to 52.85 wt %, and the a-SiO2
crystal precipitation increases from 3.61 wt % to 6.60 wt %, indicating
that there is a competitive relationship between the two. The intro-
duction of ZnO can improve the precipitation capacity of a-SiO,, which
may due to Zn** breaking part of the Si-O-Si bond between [SiO4] units.
Moreover, the content of glass phase is greatly increased, which proves
the excellent melting effect of ZnO. Fig. 2(d) shows the grain size
changes of ecach crystal. With the increase of ZnO content, f-CaSiO3
grains grow larger, indicating that its nucleation ability decreases. On
the contrary, a-SiO, grain growth trend is slow, indicating that the
introduction of ZnO mainly promotes its nucleation ability [40]. Sin-
tering image analysis was conducted on all four glass powder compo-
sitions to determine their softening behavior and the results are
presented in Fig. S4. The images reveal that both the onset temperature
of shrinkage and shrinkage completion temperature decrease progres-
sively with increasing ZnO content. The initiation of shrinkage in
glass-ceramics signifies the formation of a liquid phase and the
commencement of viscous flow. The observed reduction in softening
point indicates that the temperature required to achieve a given vis-
cosity decreases. Upon reaching 1000 °C, samples with higher ZnO
content exhibited progressively spheroidized morphologies, indicating
enhanced viscous flow behavior due to increased liquid phase forma-
tion. This demonstrates ZnO's role as a network modifier within the
glass structure. The sintered density of glass-ceramics sintered at 850 °C
was tested by the boiling method. The measured water absorption,
apparent porosity and bulk density were shown in Fig. 2(e)(f). All the
measured results are summarized in Table 5. The sample name was glass
powder + sintering temperature, for example, Z2-810 was Z2 sample
held at 810 °C for 20 min. When Z0 is held at 850 °C for 20 min, the
measured water absorption rate is 22.24 % and the apparent porosity is
36.36 %, indicating that Z0 without doped ZnO cannot be sintered

Table 4
The mass percentage of each part in glass-ceramics.
Sample p-CaSiO, a-Sl0; a-Al;04 amorphous phase
2 70.42 3.61 10.00 15.97
24 72.34 7.75 10.00 9.91
6 52.85 6.60 10.00 30.55
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Table 5

Summary of sintered density of glass-ceramics measured by boiling method.
Sample - sintering Water absorption Apparent Bulk
temperature rate porosity density

%) (%) (g/cm”)

20-850 2224 36.36 1.63
22-810 3.21 8.19 255
22-830 2.58 6.68 258
22-850 0.05 0.13 271
24-810 0.90 219 242
24-830 0.04 0.10 272
24-850 0.04 0.09 257
26-810 0.04 0.12 2.76
26-830 0.07 0.19 269
26-850 0.26 0.68 265

densely at 850 °C, and there are a lot of holes inside. After the intro-
duction of 2 mol % ZnO, held at 850 °C for 20 min, the water absorption
rate is reduced to 0.05 %, and the apparent porosity is reduced to 0.13
%, which means the parent glass can be sintered densely after the
introduction of ZnO, as Zn2* acts as a network modifier, making the
network structure easier to be disrupted, increasing the liquid phase to
fill the pores. Moreover, with the increase of ZnO content, the sintering
temperature decreases significantly, and the water absorption of Z6
sintered at 810 °C can reach 0.04 %, which indicates that ZnO has
excellent melting effect. After the introduction of ZnO, the bulk density
of sintered samples can reach >2.5 g/cm? reflecting good sintering
density [41]. However, the boiling water method cannot characterize
internal porosity. To address this limitation, polished cross-sections
were examined via scanning electron microscopy (SEM), and porosity
was quantified using ImageJ software. Representative micrographs are
presented in Fig. S5. The resulting porosity distribution trends corrob-
orate the apparent porosity variations observed previously.

In order to observe the sintering inside the glass-ceramics, the
microscopic morphology of the glass-ceramics cross-section was
observed by SEM, as shown in Fig. 3(a)-(1). It can be seen from Fig. 3(a)
that there are still many unsintered glass particles in the Z0-850 sample,
which is because it cannot produce enough liquid phase before crys-
tallization. Crystallization and liquid phase generation in the sintering
process are competitive, and the presence of crystal particles will in-
crease the viscosity of the liquid phase, resulting in higher difficulty in
mass transfer, thus hindering the sintering process. ig. 3(b)-(d) shows
the cross-section of Z2 sintered at different temperatures, which is
amplified by 80 times. It can be seen that there are basically no large
pores, even Z2-810 (sample Z2 sintered at 810 °C) with an apparent
porosity of 8.19 % has no obvious large pores. Fig. 3(b)-(d) shows the
cross-section of Z2-Z6 sintered at 850 °C, which is amplified by 80 times.
Dense sintering is shown, corresponding to the low apparent porosity
and high bulk density. This should be because the network connectivity
becomes worse after the addition of ZnO, and it is easler to produce
liquid phases, which can fill the large pores that are already present. As
shown in Fig. 3(g)-(i), the cross-section microstructure amplified by 3.0
K times after sintering of glass-ceramics can be seen to show the size and
shape of crystal particles. As can be seen from Fig. 3(g), the glass par-
ticles of Z2-850 are basically melted, and the grains are small and flalcy
with a little overlap, with small holes, which should be due to insuffi-
clent glass phase, unable to fill the pores caused by the loss of organic
matter and glass crystallization during the sintering process. In Fig. 3(h),
24-850 has fewer pores and the holes are basically filled, which shows
great sintering density. Besides, the grain size of Z4 is slightly larger than
Z2, which is buried in the glass phase. As can be seen from Fig. 3(l), the
crystal particle size of 26-850 is larger, and the crystal particle is
covered by the glass phase. As the glass phase cannot completely fill the
gap left by the growth of the crystal particle, there are small holes. The
combination of sintered crystal particles and glass phase can be seen at a
magnification of 15.0 K, as shown in Fig. 3(j)-(1). In the figure, the
crystal particles of the Z2-850 sample are relatively small, not fully
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600 nm

Fig. 3. The cross-section of ZCBS glass powder sintered glass-ceramic through SEM; (a)Z0-850(x 3.0 K); (b)Z2-810(x 80); (c)Z2-830(x 80); (d)Z2-850(x 80); (e)
24-850(x 80); (NZ26-850(x 80); (g)Z2-850(x 3.0 K); (h)24-850(x 3.0 K); (i)Z6-850(x 3.0 K); (j)Z2-850(x 15.0 K); (k)Z4-850(x 15.0 K); (1)Z6-850(x 15.0 K).

grown, and basically covered by the glass phase. In the Z4-850 sample,
columnar B-CaSiO3 crystal particles can be clearly seen, which are
closely combined with glass, enhancing the strength of glass-ceramics.
In Z6-850, many molten glass phases can be clearly seen, with
obvious liquid phase characteristics, consistent with the results of XRD
refinement. The precipitated crystals aggregate into distinct clusters,
with the formation of new columnar crystals clearly observable. The
particle size of the crystals exhibits a progressive increase, primarily
attributed to the varying viscosity of the liquid phase during the sin-
tering process. A lower viscosity of the liquid phase facilitates molecular
transport and thereby enhances grain growth.

3.3. Properties of ZCBS glass-ceramics

The 100 °C-400 °C thermal expansion curve of 850 °C sintered glass-
ceramics is shown in Fig. 4(a). According to the linear fitting of the
curve, the thermal expansion coefficient in the 100 °C-400 °C temper-
ature range is summarized in Table 6. The results show that the thermal
expansion coefficient of glass-ceramics increases with the increase of
ZnO introduced into the glass. This is because more glass phase will
remain in the sintering process. The glass phase has an amorphous
structure, and the position of its atoms is long-range disordered. This
disordered structure makes the thermal expansion coefficient of the
glass phase larger and shows discontinuity during heating. In terms of
the bending strength of glass-ceramics, the bending strength of Z2 is low,

mainly because there are many internal pores. As seen from the SEM
cross-section, the grain size is too small to effectively produce adhesion.
The columnar grains in Z4 sample are well combined with the glass, the
pores are fewest, and the bending strength is highest. There is a gap left
by crystal growth in the Z6 sample, and its crystal particle size is large,
extending from the glass phase, and micro-cracks extend along the
interface between the crystal and the glass phase during stress, resulting
in average bending strength. The dielectric properties of glass-ceramics
Z2-74 are shown in Fig. 4(c). The reduction in dielectric constant and
loss tangent for samples from Z2 to Z4 is attributed to the increased
presence of the low-dielectric-phase a-SiO2 (¢; =~ 4) and enhanced
crystallinity. The decrease in dielectric constant for samples from Z4 to
26 may be primarily attributed to the continuous increase of the a-SiO;
crystalline phase, which exhibits a lower dielectric constant than
p-CaSiO3. Concurrently, the increased dielectric loss in sample Z6 is
likely caused by the elevated glass phase content. Crystalline phases
typically show better dielectric properties than their corresponding
glassy phases [42]. Specifically, glasses exhibit both a higher dielectric
constant and greater dielectric loss compared to their crystalline coun-
terparts. The disordered structure of glass lowers the energy barriers for
ionic displacement polarization, enabling easier redistribution of inter-
nal charges (polarization) in response to an applied electric field. This
results in a higher dielectric constant compared to its crystalline coun-
terpart. Besides, the structural disorder inherent to glasses promotes
both intensified relaxation polarization and elevated ionic conductivity.
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Fig. 4. Characteristics of the ZCBS glass-ceramics. (a) Thermal expansion curve of Z2-Z6 glass-ceramics sintered at 850 °C; (b) Thermal expansion coefficient and
bending strength of Z2-Z6 glass-ceramics sintered at 850 °C; (c) Dielectric constant and loss of Z2-26 glass-ceramics sintered at 850 °C; (d) Z4 sample cast printed
silver circuit after sintering finished appearance; (e) The junction section of the Z4 sample after sintering of the printed silver circuit; (f) Results of EDS line sweep in

the arrow direction.

Table 6 Table 7
Dielectric properties of phases in microcrystalline glass. Performance parameter of ZCBS glass-ceramics.
Dielectric constant Dielectric loss Reference Sample  CTE (100°C-400 Bending Dielectric Dielectric
@1 MHz @1 MHz °C) strength constant loss
x107* ppm/K (MPa) @1 MHz @1 MHz
x 107
p-CaSiO, 53 20 [16]
a-Si0; 4.0 2.0 [42] 22-850 7.29 63.6 5.32 3.64
24850 7.41 174.3 5.29 3.12
26-850 7.60 81 5.01 4.34

These factors collectively contribute to superior dielectric loss charac-
teristics relative to compositionally equivalent crystalline materials
[43]. The dielectric properties of ZCBS glass are presented in Table S3 of
the Supplementary Material. It can be observed that the glass phase
exhibits less favorable dielectric performance compared to both crys-
talline phases, aligning with the general trend discussed earlier. Besides,
sample Z6 exhibited substantial liquid phase formation during sintering.
The low-viscosity liquid migrated toward the bottom region, leaving
enlarged intercrystalline voids as evidenced by internal porosity quan-
tification (Fig. S5, Table 5). This increased porosity significantly reduced
the dielectric constant due to air inclusion (e; = 1) while elevating
dielectric losses through interfacial polarization mechanisms, which
may also serve as a factor influencing variations in the dielectric con-
stant of the samples. Comparative dielectric properties phases in
microcrystalline glass were tabulated in Table 6. In general, the intro-
duction of ZnO can increase the liquid phase content, fill the pores, and
enhance the sintering and densification of glass-ceramics, aiding the
growth of f-CaSiO3 grains and the precipitation of a-SiOp, thereby
improving the dielectric properties of glass-ceramics. However, too
much ZnO will produce more glass phase and weaken the dielectric
properties, and the interface between large grains and liquid phase is
also prone to cracks, thus weakening the bending strength of
glass-ceramics. Therefore, the subsequent conduct should inhibit the
growth of p-CaSiO3 grains. The performance parameters of Z2-Z6 are
summarized in Table 7.

3.4. The LTCC device

The Z4 sample with the best performance was cast into a raw por-
celain strip, so that the glass powder was evenly distributed on the
surface, and the silver circuit was printed on the surface and laminated
sintered, as shown in Fig. 4(d). It can be seen that the substrate was still
white after co-firing, and there was no obvious yellow Ag diffusion trace.
The junction between the co-fired porcelain belt and the silver circuit is
enlarged by 15 K times, as shown in Fig. 4(e). It can be seen that there is
an obvious bonding layer between the substrate and the silver circuit,
and there is no trace of cracking between the two, indicating that the
matching of the co-firing is good. In order to study whether Ag is
diffused into the substrate, EDS line scanning was carried out at the joint
according to the arrow direction of Fig. 4(e). The results are shown in
Fig. 4(f). The results show that Ca and Si elements in the substrate have
obvious boundaries with Ag elements in the circuit, and the slight
overlap can be interpreted as the result of the close combination of the
two after sintering, with a length of about 1 pm. Therefore, it can be
considered that there is no obvious interaction between Z4 sample and
Ag in the sintering process, and there is no trace of Ag diffusion, which
proves that the Z4 sample is a LTCC substrate material with application
potential.
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4. Conclusion

In this study, we explored the effect of Zn?* on the structure of the
glass network by changing the ZnO content in the glass, which overcame
the challenge that low-boron CBS glass-ceramics are difficult to be sin-
tered at low temperatures. Zn?* exists in the network structure of glass-
ceramics as an exosome, which makes the transition from [BO4] to
[BO3], increasing the amount of NBO, leading to a looser glass network,
reducing the thermal stability of the glass, and thus lowering the sin-
tering temperature of glass-ceramics. As ZnO content increases, certain
Si-O-Si bonds within the [SiO4] framework are disrupted, leading to an
increased precipitation of a-SiO2, which contributes to the overall low
dielectric constant of the glass-ceramics. Sample Z4 sintered at 850 °C
can achieve the highest crystallinity of 89.99 wt %, a bending strength of
174 MPa, a dielectric constant of 5.29, and a dielectric loss of 3.12 x 10™*
at 1 MHz. After co-firing with silver paste, the interface demonstrated
good adhesion, with no obvious signs of silver diffusion. Our work
proposes a novel optimization approach for advanced glass-ceramics.
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